The mechanistic target of rapamycin (mTOR) pathway is an evolutionarily conserved signaling pathway that senses intra-and extracellular nutrients, growth factors, and pathogen-associated molecular patterns to regulate the function of innate and adaptive immune cell populations. In this review, we focus on the role of the mTOR complex 1 (mTORC1) and mTORC2 in the regulation of the cellular energy metabolism of these immune cells to regulate and support immune responses. In this regard, mTORC1 and mTORC2 generally promote an anabolic response by stimulating protein synthesis, glycolysis, mitochondrial functions, and lipid synthesis to influence proliferation and survival, effector and memory responses, innate training and tolerance as well as hematopoietic stem cell maintenance and differentiation. Deactivation of mTOR restores cell homeostasis after immune activation and optimizes antigen presentation and memory T-cell generation. These findings show that the mTOR pathway integrates spatiotemporal information of the environmental and cellular energy status by regulating cellular metabolic responses to guide immune cell activation. Elucidation of the metabolic control mechanisms of immune responses will help to generate a systemic understanding of the immune system.
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known as Rapa Nui) and was found to have broad antiproliferative properties, causing its application in cancer and transplantation therapy [1] . However, we now know that the role of mTOR goes far beyond proliferation and coordinates a cell-tailored metabolic program to control many biological processes. As such, the mTOR network has gained attention in immune cell activation, where rapid adaption is a prerequisite to fuel the highly demanding metabolic needs to support effector functions such as migration, cytokine mass production, phagocytosis, and finally, proliferation. This review focuses on the role of mTOR-modulated metabolism in immune cells. We will discuss the inputdependent activation of this network, how mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) coordinate specific metabolic adaption depending on the cell type and stimuli and how this metabolic rewiring shapes immunologic effector functions.
Activation of the mTOR network
The mTORC1/mTORC2 network is activated by various classes of different extracellular ligands in the immune system (Fig. 1) . In innate immune cells, the growth factors Flt3L and GM-CSF induce mTORC1 activation to regulate dendritic cell (DC) differentiation or neutrophil activation [2] [3] [4] . Toll-like receptor (TLR) ligands activate mTORC1 as well as mTORC2 Figure 1 . The mTOR pathway. Cytokines, TCR engagement and costimulation, growth factors as well as pathogen associated molecular patterns (PAMPs) induce the activation of class I PI3Ks. PI3K generates PIP3 to act as a second messenger that induces the phosphorylation of Akt on Thr308. PI3K signaling induces mTORC2 activation, which in turn phosphorylates its downstream targets serumand glucocorticoid-regulated kinase 1 (SGK1), protein kinase C (PKC), and Akt on Ser473. PTEN negatively regulates PI3K signaling, by dephosphorylating PIP3. Akt phosphorylates and thereby inhibits the heterodimer TSC1/TSC2, which inhibits activation of the small GTPase Rheb, thus releasing mTORC1 activation. However, this activation is dependent on amino acid sufficiency that is sensed by mTORC1 via the RAS-related GTP-binding protein (RAG) GTPases. During starvation periods, AMPK either directly inhibits mTORC1 activity or phosphorylates TSC2. In contrast to the Akt-mediated phosphorylation, AMPK supports the inhibitory function of this complex and therefore represses mTORC1 activation. The best described downstream effectors of mTORC1 are ribosomal S6K1 and 4E-BP1. The phosphorylation of these effectors promotes translation. Activating phosphorylations and GTP are marked in bright orange, while inhibitory phosphorylations are displayed in faded red. SIN1, stress-activated MAP kinase interacting protein 1; mLST8, mammalian lethal with sec-13 protein 8. (Fig. 1 ). The current model implicates that mTORC1 activation by cell surface receptors requires amino acid sufficiency, which is sensed by mTORC1 on the lysosome. Indeed, amino acid starvation inhibits IL-4-induced mTORC1 activation during M2 macrophage polarization in a dose-dependent manner [27] . Regulatory T cells (Tregs) make use of this process in a feed-forward loop to dampen T-cell activation. They induce the expression of amino acid-consuming enzymes in DCs, which deplete the surrounding microenvironment and in turn inhibit mTORC1 activation in na€ ıve recruited T cells to promote Treg differentiation [28] . Thus, the PI3K-AKT-mTOR network emerges as an integrator of intracellular and extracellular cues to regulate a set of basic biological processes that adapt a given effector response. mTORC1-dependent phosphorylation of a variety of downstream effectors such as 4E-binding proteins 1 and 2 (4E-BP1 and 4E-BP2), S6 kinase (S6K1), or the transcription factor EB (TFEB) controls an array of basic cellular processes such as protein synthesis, cell growth, metabolism, and autophagy [1] .
Translational regulation by mTORC1
Control of protein synthesis is a well-described function of mTORC1 [29] . For example, a massive increase in total protein synthesis occurs rapidly after TLR stimulation of macrophages and DCs [30, 31] . This increased protein synthesis is vastly dependent on PI3K-mTORC1 [31, 32] . mTORC1 regulates capdependent and independent translation by phosphorylating the translation inhibitors 4E-BP1 and 4E-BP2, which subsequently release the initiation factor eIF4E. mTORC1 is particularly effective in translation initiation of mRNAs comprising a 5 0 terminal oligopyrimidine tract (5 0 TOP) or a pyrimidine-rich translational element (PRTE), both encoding many ribosomal and metabolic genes [22, 33] . Hence, this proteomic remodeling of the cell adjusts for the altered metabolic and functional needs [34] . On the other hand, it also allows a fast effector response after cell activation by promoting the translation of pre-existing mRNAs. Thus, adherence of macrophages rapidly induces an mTORC1-dependent de novo translation of preformed rho-associated kinase 1 (Rock1) mRNA that induces chemotaxis and phagocytosis [35] . Vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1a (HIF1a) are other bona fide targets that are regulated by mTOR-dependent translation [36] . Cot/tpl2 controls cap-dependent translation of TNF-a and IL-6 mRNAs through mTORC1 in TLR-stimulated macrophages [37] . The induction of type I interferon (IFN) in DCs by efficient translation of IFN regulatory factor 7 (IRF7) by mTORC1 is an additional example [38] . Activating mTORC1-dependent translation directly biases the expression of cytokines as well: low abundant mRNAs such as IL-10 are preferentially stronger expressed in comparison to high abundant proinflammatory cytokine mRNAs such as IL-12 [32] . Hence, a reduction of mTOR activity favors the translation of the more abundant proinflammatory cytokines. This is in line with data showing that translational control of mRNA expression can dampen a proinflammatory response [30] . A latent role of mTORC1 for controlling translation of these inhibitors is currently unknown but may explain some of the proinflammatory effects of mTORC1 inhibition in monocytes and DCs [39] .
Cellular metabolism in immune cells
Activation of immune cells leads to massive changes in numerous signaling pathways that promote dramatic alterations in cell morphology and function; i.e., large amounts of newly expressed cytokines and chemokines are secreted, innate cells migrate to novel tissues or lymph nodes, and lymphocytes start to proliferate. These processes are apparently metabolically challenging, and thus, they are supported by an adaptation of the energy metabolism to cover their metabolic needs and link it to the availability of nutrients. The central nutrients, used by eukaryotic cells to generate energy in the form of ATP, are carbohydrates, amino acids, and fatty acids (FA) [40] . Nonproliferating cells take up the carbohydrate glucose and metabolize it in the cytoplasm to pyruvate through a process called glycolysis (Fig. 2) . Pyruvate is transported into the mitochondria, where it is oxidized into acetyl coenzyme A (acetyl-CoA). Acetyl-CoA acts as a fuel for the tricarboxylic acid (TCA) cycle (also known as citric acid or Krebs cycle), through which it is completely oxidized to carbon dioxide to generate ATP [40, 41] . The amino acid glutamine is a second carbon source that can be converted to a-ketoglutarate (aKG) as an oxidative substrate to fuel the TCA cycle [41, 42] . Moreover, fatty acid oxidation (FAO) in the mitochondria generates acetyl-CoA, NADH, and FADH 2 that are further used to generate ATP [43] . The TCA cycle contributes many intermediates that can act as biosynthetic substrates. For instance, mitochondrial citrate can enter the cytoplasm, where it is converted to acetyl-CoA and oxaloacetate by ATP citrate lyase (ACLY). This cytoplasmic acetyl-CoA is then the substrate for FAs, cholesterol, and isoprenoids. Metabolic intermediates of glycolysis also feed into other biosynthetic pathways, such as 3-phosphoglycerate, that may be utilized in the serine biosynthesis pathway and glucose-6-phosphate that can be shuttled into the pentose phosphate pathway where it supports ribose and thus nucleotide synthesis [40, 44] . When immune cells are activated and/or start to proliferate, there is increasing demand of nutrients for both energy production as well as the biosynthesis of novel molecules [45] . Proliferating/activated cells increase glucose uptake and glycolysis, but importantly do not oxidize all of the additional glucose-derived pyruvate in the TCA cycle. Instead, pyruvate is reduced to lactate in a process called aerobic glycolysis. Although this process produces only low amounts of ATP per carbon unit, it represents an important energy source that can be swiftly induced [46, 47] . In contrast, mitochondrial oxidation can only be enhanced by mitochondrial biogenesis, which takes longer and may constitute a key constraint of proliferating cells [48] [49] [50] . Moreover, aerobic glycolysis may also better deal with the redox requirements during metabolic stress [48] [49] [50] . Recent data indicate that proliferating cells do not only use glycolysis as major source for the biosynthesis of proteins, but glutamine as well as other amino acids greatly contribute to the carbon mass of de novo synthesized proteins [51] .
mTOR and glycolysis
Activation of the mTOR pathway drives glycolytic metabolism by inducing two central transcription factors: HIF1a and c-Myc [52, 53] . HIF1a is usually stabilized during anaerobic/hypoxic conditions and maintains cellular integrity. HIF1a can also be activated by mTORC1 upon cytokine signaling, by elevated levels of succinate, or by reactive oxygen species (ROS) [54] [55] [56] . During aerobic glycolysis, HIF1a orchestrates a transcriptional program that drives the expression of glucose transporters and glycolytic enzymes such as pyruvate dehydrogenase kinase, isozyme 1 (PDK1). This enzyme fosters aerobic glycolysis by limiting the flow of pyruvate into the TCA cycle. This augments the tendency of pyruvate to be reduced to lactate. Therefore, HIF1a does not support mitochondrial respiration via oxidative phosphorylation (OXPHOS) [57, 58] . c-Myc, on the other hand, promotes both glycolytic gene expression as well as mitochondrial respiration [59, 60] . Immune cells boost their glucose flux to promote cytokine production, antigen presentation, phagocytosis, ROS generation, and proliferation as detailed below.
Glycolysis and T cells
During T-cell activation, CD28 costimulation induces PI3K-Akt-dependent glucose transporter 1 (Glut1) expression on the cell surface, which is prevented upon ligation with the inhibitory receptors PD-1 and CTLA-4 [61] [62] [63] . HIF1a is known to prime glycolytic and cellular identities both in the adaptive and in the innate immune system. CD4+ T helper 17 (Th17) cell development has been found to be critically dependent on the glycolytic shift induced by mTORC1-HIF1a signaling. In fact, loss of HIF1a, mTORC1, or inhibition of glycolysis skews na€ ıve T cells toward the Treg lineage, despite being cultured under Th17 conditions [64, 65] . Peculiarly, while mTORC1-HIF1a is also required for the rather robust glycolytic reprogramming of CD8+ T cells, this is achieved via a PI3K-Akt-independent pathway toward mTORC1 mediated by phosphoinositide-dependent kinase 1 (PDPK1) [54] . In line with these findings, genetic activation of mTORC1 in CD8+ T cells (via T-cell-specific TSC2 deletion) potentiates their glycolytic phenotype and effector functions, and simultaneously impairs their transition into memory cells (Fig. 3) . Curiously, loss of mTORC2 signaling enhances memory cell generation and viability, and displays an increase in both glycolytic and oxidative metabolism [66] . Thus, while mTORC2 inhibits memory cell generation in CD8+ T cells and pulls back the metabolic demand, Figure 2 . Metabolic control by mTOR. In innate immune cells mTOR-mediated metabolism can either support the response of inflammatory DCs and M1 polarized macrophages (red highlighted lines), as it happens for example during bacterial infection, or it can prime the immunometabolism of resident and M2 polarized macrophages (green highlighted lines). Both mTOR complex 1 and mTORC2 promote glucose uptake via the Glut1. mTORC1 fosters inflammatory polarization via activation of HIF1a and c-Myc mediated glycolytic gene expression. It also promotes the production of toxic NO, which poisons the electron transport chain. This feeds back into increased lactate production and FAS. In other cases, mTORC1 promotes FAS via SREBPs, although this has not been formally shown in macrophages. FASderived FA are utilized to rapidly expand the Golgi apparatus and ER. This enables the cells to produce huge amounts of inflammatory cytokines. In a homeostatic setting, mTORC1 also promotes glucose uptake, mitochondrial biogenesis and thus OXPHOS. IL-4 promotes mTORC1 mediated ACLY to achieve epigenetic rewiring using citrate-derived acetyl-CoA and FAO via mTORC2.
Fatty acid synthesis

ACLY
Mitochondrial biogenesis NO
PDPK1-mTORC-HIF1a potentiates glucose catabolism and inflammatory properties (Fig. 2) . Recently, both mTORC1 and mTORC2 were also found to be critical determinants of follicular helper T cell (Tfh) differentiation and function [67, 68] . Loss of both mTOR complexes strongly impairs the induction of glycolytic metabolism required for Tfh maturation and maintenance, but also in this scenario the linearity of the mTOR pathway is more than questionable [67] . Metabolic reprogramming following T-cell activation is highly dependent on the induction of c-Myc [59] . cMyc is strongly repressed during mTORC1 inhibition in T cells, and is also induced in an mTORC2-dependent manner in other cell types [59, 60] . Interestingly, glycolytic flux and glycolytic enzymes themselves are implicated in immunological functions. Overexpression of Glut1 in macrophages and T cells promotes glycolysis and inflammatory properties [69, 70] . Furthermore, the glycolytic metabolite phosphoenolpyruvate maintains Ca + and NFAT signaling to promote T-cell activation [71] . The glycolytic enzyme enolase-1 controls FoxP3 splicing to stimulate induction of induced Tregs [72] . Finally, IFN-c translation is enhanced in activated effector T cells by engaging the glycolytic enzyme GAPDH to glycolysis [73] . In unstimulated cells, GAPDH is not committed to glycolysis and binds to AU-rich elements of the 3 0 untranslated region of IFN-c mRNA to impair its translation [73] .
Glycolysis supports macrophage and dendritic cell functions
Nearly 50 years ago, Hard et al. [74] provided the first evidence that inflammatory macrophages strongly induce aerobic glycolysis. In fact, while in extreme polarization scenarios immune cells such as M1 macrophages or activated neutrophils clearly commit to aerobic glycolysis, this increased glucose throughput generally feeds into various metabolic pathways in order to foster effector functions. TLR stimulation induces a rigorous glycolytic phenotype in macrophages, which in extreme cases completely abolish OXPHOS [75, 76] . These inflammatory macrophages express high levels of the glucose transporter Glut1 [69] . However, also the growth factors M-CSF and GM-CSF induce glucose uptake and glycolysis in macrophages [77, 78] . Additionally, IL-4-induced mTORC2-Akt signaling enhances glucose utilization [27, 79] . Regulatory-associated protein of mTOR (Raptor)-deficient alveolar macrophages, which do not have active mTORC1 (Fig. 1) , display a strong reduction in glucose uptake. TSC2-deficient macrophages, which have an incremented mTORC1, increase glucose uptake in an mTORC1-dependent manner despite a marked reduction of mTORC2-Akt activity [80, 81] . This might be due to the fact that mTORC2-Akt can mediate rapid relocation of Glut1 to the cell surface, while mTORC1-mediated glucose flux probably requires a transcriptional/translational response. A prime candidate for this scenario is the transcription factor HIF1a, as its loss impairs aerobic glycolysis in macrophages in vitro. Consequently, myeloid-deficient HIF1a mice fail to develop serum transfer-induced arthritis, while deletion of VHL, the negative regulator of HIF1a, heightens inflammatory responses and lactate production [82] . TLR stimulation in DCs results in a rapid increase of glucose flux to support de novo synthesis of FA via TBK1/IKKe-Akt-induced association of hexokinase 2 (HK-2) with the mitochondrial membrane [83] . In contrast to this early event, AktmTORC1-HIF1a signaling is crucial for a later commitment of mouse DCs to glycolysis in order to enhance their viability [77, 84] . This metabolic commitment is directly related to toxic nitric oxide (NO) production that poisons the electron transport chain, whereas mTORC1 inhibition dampens NO production and thus extends the cellular lifespan [77, 85, 86] . Interestingly, Akt-mTORC1-HIF1a signaling is crucial to train innate memory functions [87] . Accordingly, bglucan priming of human monocytes induces epigenetic modifications that shift metabolism from OXPHOS toward aerobic glycolysis. This alert state enables a heightened immune response to a second, unrelated stimuli 1 week later. Chronic activation of mTORC1 by deletion of TSC1 or TSC2 promotes glycolysis, mitochondrial respiration and lipid synthesis in DCs as well as hematopoietic stem cells and macrophages [81, 88, 89] . In TSC1-deficient DCs this metabolic reprogramming occurs partly via mTORC1-mediated expression of c-Myc, which is also induced in TSC2-deficient macrophages [81, 88] . By using a myeloid c-Myc-deficient mouse model, it was shown that c-Myc is critical for M2 polarization. Furthermore, these mice had a markedly impaired tumor growth and a decreased expression of HIF1a, VEGF, and MMP9 [90] . Finally, in LPS-and ATP-stimulated inflammatory macrophages, mTORC1 has been shown to induce HK-1-stimulated glycolysis, a mechanism that is indispensable for NLRP3 inflammasome activation and thus IL-1b and IL-18 processing [91] . Collectively, a rapid increase of glucose uptake and glycolysis is a cardinal feature of immune cell activation and various key players of the mTOR pathway modulate glucose metabolism in immune cells. Nowadays, it is commonly accepted that this pathway promotes glucose catabolism, but its regulation occurs on distinct levels and in a cell type-specific manner.
mTOR and mitochondrial biogenesis
Mitochondria are the main site of cellular energy production in the form of ATP. These cellular power plants are intimately involved in processes such as proliferation, differentiation, survival, or cell death. The first link between mTORC1 signaling and elevated mitochondrial function was found in mouse embryonic fibroblasts (MEFs), where genetic activation of mTORC1 (by depletion of TSC2), showed an enhanced mitochondrial biogenesis and oxidative metabolism [92] . Although the exact molecular mechanisms are still not completely understood, peroxisome proliferator-activated receptor-gamma coactivator 1a (PGC-1a), together with its coregulatory peroxisome proliferator-activated receptors (PPARc) are responsible for increased mitochondrial gene expression via the transcription factor yin-yang 1 (YY1) [92, 93] . In addition, translation of mTORC1-sensitive mitochondrial proteins correlates with high ATP production and increased mitochondrial respiration in skeletal muscle [94] . Raptor deficiency or rapamycin treatment lead to a disruption of mitochondrial functions associated with activated stress responses. This suggests that mTORC1 activation is tightly coupled to positive mitochondrial functions [93] . Constitutive activation of mTORC1 signaling in muscle cells enhances mitochondrial respiration, whereas its inhibition induces a metabolic shift from oxidative to glycolytic activities [92] [93] [94] . On the other hand, TSC1 depletion in neurons does not affect mitochondrial biogenesis, but mitochondrial accumulation in these cells is due to reduced mitophagy [95] . Interestingly, in mice with disrupted mitochondrial function, rapamycin-mediated mTORC1 inhibition causes a metabolic shift from glycolytic into activated amino acid catabolism [96] . Therefore, mTORC1-mediated mitochondrial function differs strongly between cells and tissues, probably dependent on their energy demand, metabolic activation and proliferation status, which is also observed in immune cells as discussed below.
In comparison to mTORC1, deletion of mTORC2 signaling does not alter mitochondrial biogenesis in muscle cells, but their oxidative metabolism is markedly reduced [93, 97] . Moreover, a genome-wide shRNA screen showed that mTORC2-activated cells rely on both aerobic glycolysis and mitochondrial OXPHOS to produce ATP [98] . mTORC2 is localized to the mitochondria-associated ER membrane (MAM) and the subsequent mTORC2-Akt-mediated calcium release at the MAM is involved in mitochondrial physiology and mitochondrial ATP turnover [99, 100] . Interestingly, in brown adipose tissue precursors, rapamycin insensitive companion of mTOR (Rictor) deletion, which inactivates mTORC2 (Fig. 1) , causes a metabolic shift from a lipogenic to an oxidative state. This is in contrast to muscle and other cell types [101] .
mTOR-regulated mitochondrial functions in immune cells
mTOR-mediated mitochondrial functions in various immune cells have only recently been investigated. As discussed above, TSC1 is a central regulator of T-cell homeostasis and its deficiency in mouse T cells results in impaired mitochondrial membrane integrity and increased ROS production. This leads to activation of the intrinsic apoptosis pathway [102, 103] . T cells from T-cell acute lymphoblastic leukemia (T-ALL) overcome this predicament by promoting mTORC1 suppression through activation of AMPK. This causes an increase in OXPHOS with a concomitant reduction of glycolysis which supports viability [104] . Similar as in T cells, TSC1 depleted DCs succumb to early apoptosis after their activation. Rapamycin treatment prolongs the lifespan of GM-DCs after activation while simultaneously enhancing their activation and T-cell stimulatory capacity [77] . The underlying mechanism is attenuation of mTORC1-induced inducible nitric oxide synthase (iNOS) expression and consequently reduced NO production, which allows DCs to maintain their OXPHOS capacity as discussed before [77] . Curiously, TSC2-deficient macrophages display mTORC1-mediated increased mitochondrial content and OXPHOS, continuous proliferation and markedly reduced apoptosis, even during growth factor withdrawal [81] . This leads to the spontaneous development of massive granulomas by macrophages, especially in the lung and skin [81] . Additionally, in contrast to TSC1-deficient macrophages, loss of TSC2 promotes an M2-like phenotype and this polarization is also known to increase glucose uptake and to fuel OXPHOS [16, 81] . The molecular reasons for these different responses are currently unclear but may stem from the observation that TSC1 and TSC2 have mTOR-independent functions [105] . mTORC2 deficiency in macrophages markedly reduces IL-4-induced OXPHOS and consequently M2 polarization [79] . It remains to be determined how these two signaling complexes exactly synergize in directing mitochondrial homeostasis and function in immune cells.
mTOR-dependent lipid metabolism
The central molecule in lipid metabolism is acetylCoA, which is the end product of FA b-oxidation as well as the basic building block for de novo FA and cholesterol biosynthesis. For lipid catabolism, lipids are transferred into mitochondria, via carnitine palmitoyltransferase 1 (CPT1) and 2, where FAO takes place. FAO involves the sequential removal of 2-carbon units at the b-position of fatty acyl-CoA molecules to produce acetyl-CoA, which can continue in the TCA cycle and OXPHOS [43, 106] . Fatty acid synthesis (FAS) takes place in the cytosol, beginning with the ATP-dependent carboxylation of acetyl-CoA to malonyl-CoA, catalyzed by the rate-limiting enzyme acetyl-CoA carboxylase 1 (ACC1). The next step, catalyzed by FA synthase (FASN), is the condensation of acetyl-CoA and malonyl-CoA to produce saturated long-chain FAs. These form more complex lipids, such as phospholipids, triglycerides, or cholesterol esters. The key players in FAS are the sterol regulatory element binding proteins (SREBPs) [107] . These transcription factors drive a lipid biosynthetic program by inducing the expression of genes encoding key enzymes of lipid synthesis, such as ACC1 and FASN [107, 108] . Constitutive activation of Akt has not only been found to be a driver of glycolysis but also to promote sterol and lipid synthesis [109, 110] . This seems to be achieved via a direct Akt-TSC-mTORC1-S6K1-SREBP signaling axis, as genetic activation of mTORC1 (by deleting either TSC1 or TSC2) is sufficient to activate these transcription factors and their downstream targets [52] . SREBPs are elevated in case of constitutive mTORC1 activation and are required for mTORC1-induced expression of FA and sterol biosynthesis genes [52] . Likewise, insulin causes an mTORC1-dependent activation of SREBP1c to promote hepatic lipogenesis [111] .
In contrast to mTORC1, the role for mTORC2 in lipid homeostasis is not as well understood. In MEFs loss of Rictor does not obviously alter levels of the active form of SREBP1 [52] . However, mice with hepatic mTORC2 deficiency have smaller livers with reduced glycogen and triglyceride content and they develop glucose intolerance and hyperinsulinemia [112] . This shows that hepatic mTORC2 impacts whole body metabolism as it senses the state of satiety and regulates glucose and lipid metabolism in the liver by acting through insulin-Akt signaling to FoxO1 and GSK3a in an mTORC1-independent manner [112] . Recently, another target of mTORC2 in lipid metabolism has been discovered. Chen et al. [113] identified ACLY as a molecular target of mTORC2 in a breast cancer cell line showing that mTORC2, but not mTORC1, is required for ACLY-catalyzed acetyl-CoA production. ACLY converts TCA-derived citrate into cytoplasmic acetyl-CoA, where it is used as substrate for FAs, cholesterol and isoprenoids [114] . Inhibition of mTORC2 or ACLY affects mitochondrial physiology, reduces cell proliferation as well as tumor growth but is cell-type specific indicating a variable involvement of mTORC2-ACLY in these processes [113] .
Lipid metabolism and T cells
The classical view of lipids is that they are structural molecules, required for membrane formation, proliferation and energy production. Recently, lipid metabolism has gained a central position as regulator in T-cell fate decision and effector function [106, 108] . For example, inactivation of the SREBP pathway not only affects lipid synthesis, but also inhibits CD8+ T-cell proliferation in vitro and clonal expansion during viral infection. Furthermore, SREBP deficiency hinders metabolic reprogramming toward a glycolytic phenotype, which is typical for T-cell activation. This defect in growth and proliferation is rescued by addition of exogenous cholesterol [108] . Na€ ıve and memory T cells are quiescent cells that do not need to grow or produce large amounts of macromolecules. They rely on OXPHOS and FAO to fulfill their energetic requirements, a metabolic profile that is associated with quiescence and long-term survival [115] [116] [117] . FAO is fundamental for the development of CD8+ T-cell memory and for the differentiation of CD4+ Tregs [106, 117] . After activation, FAO becomes dispensable and T-cell metabolism shifts to FAS [108, 117] . mTORC1-SREBP signaling is a crucial determinant in this initial metabolic rewiring. Consistent with the cell culture studies mentioned above, T-cell-specific Raptor deficiency or pharmacological inhibition of mTORC1 causes a significant reduction of de novo lipid synthesis after activation [108, 118] . T-cell activation induces protein expression of the full length and processed mature forms of SREBP1/2. While loss of Raptor does not change the mRNA levels of SREBP1 and SREBP2, it attenuates SREBP protein expression [118] . Accordingly, inhibition of mTORC1 or PI3K reduces accumulation of SREBP in the nucleus [108] . Thus, signaling through the PI3K-mTOR pathway is necessary for the induction of the lipid anabolic gene program of activated lymphocytes by modulating SREBPs through post-transcriptional mechanisms [108, 118] .
Lipids in innate immunity
Lipid metabolism but also lipids per se are determining innate immune cell function. For example, cholesterol renders macrophages hyperresponsive to several TLR ligands and augments membrane rigidity in case of viral infections. In addition, limiting cholesterol synthesis spontaneously induces type I IFN production, while type I IFNs themselves decrease synthesis of cholesterol but increase its import in macrophages [119] . Furthermore, the lipid composition of the membrane shapes the response of TLRs, influences endocytosis and cytokine production [114, 120] . Recently, branched FA esters of hydroxy fatty acids (FAHFAs), a novel class of endogenous lipids, were discovered [121] . They have anti-inflammatory properties on adipose tissue macrophages and protect against colitis, an immune-mediated disease [121] . Innate immune cells alter their lipid metabolism in order to respond properly to certain stimuli. Within minutes after TLR engagement, inflammatory DCs boost glucose consumption via PI3K-independent TBK1/IKKe-mediated Akt activation to support citrate production, which exits the TCA cycle and fuels de novo lipid biosynthesis [83] . Inhibition of FAS causes an impairment of DC activation (including secretion of the inflammatory lipid mediator prostaglandin E 2 ). These newly synthesized lipids are critical for DC activation, as they support the expansion of the endoplasmic reticulum (ER) and Golgi apparatus to increase the synthesis, transport, and secretion of cytokines in response to stimulation via TLRs [83] . Similarly, M1 macrophages boost FAS, whereas M2-polarized macrophages upregulate FAO [76, 122] . FAO is dependent on a PI3K/ mTORC2-induced glucose flux in M2 macrophages, as IL-4-induced FAO is abolished in Rictor-deficient macrophages, but rescued upon Glut1 overexpression [79] . However, a recent study established that IL-4 induces an Akt-mTORC1 dependent increase of ACLY, a critical enzyme for FAS, to promote acetylCoA-derived histone acetylation and M2 gene expression [27] . FAS enzymes are likewise upregulated in M2-polarized macrophages and de novo synthesized FA are at least partially used to feed back into FAO [79, 123] . FAS inhibition inhibits M2 polarization and is a prerequisite for M-CSF-induced monocyte to macrophage differentiation and phagocytic capacity [79, 124] . Therefore, it is tempting to speculate that proliferation of tissue resident macrophages and infection-induced M2 macrophages is also depending on FAS to a certain extent.
Conclusions and perspectives
mTORC1 and mTORC2 are playing central roles in immune cell metabolism and effector functions. Immune cell trafficking, cytokine production, phagocytosis, proliferation, or maintenance of tolerance requires the appropriate type of metabolic adaptation. The glycolytic flux supports cellular building block production for proliferation and cytokine expression, while the longevity of memory T cells, Tregs, and tissue resident macrophages are dependent on reliable energy production pathways such as OXPHOS and FAO. However, homeostatic proliferation of alveolar macrophages is crucially depending on mTORmediated glycolytic flux [80] and thus, the potential picture of an 'mTOR on -activation' vs 'mTOR offdormancy' situation is too simplistic (Fig. 3) . Despite the exponentially growing amount of literature regarding mTOR-mediated immunometabolism, many dots remain that need to be connected. One complication is that this pathway is regulated in a cell type-and situation-dependent manner. A lot of information regarding sequential signaling of the mTOR pathway is based on cell line experiments, but these data clearly not always apply to immune cells in vivo. For example, during mTOR-mediated metabolism in Tfh cells, mTORC1 and mTORC2 have strongly overlapping but still discrete functions and seemingly do not signal in a sequential manner [67, 68] . mTOR complexes function in feedback loops, implying that downstream effectors are also likely to be involved in upstream regulation. In this regard, it has been suggested that mTORCs function primarily as mediators of cellular and organismal homeostasis and not as direct transducers of extracellular biotic and abiotic signals [125] . Therefore, the mTOR pathway cannot be viewed as a one way street, but rather as a vast interconnected roadmap -a network. While there are multiple tools to investigate the cellular role of mTORC1 signaling, immunologic functions of mTORC2 are much less understood, as there neither are specific inhibitors available nor is a constitutive active mTORC2 model available. To properly understand this pathway, we probably have to find a way to subtly manipulate its components. This would help to get a purer picture of how we can utilize the knowledge of mTOR-depended metabolism to develop novel therapeutic approaches in immunological diseases. 
